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Hydrazine  -  A  state  of  the  art  rocket  fuel 


Hydrazine 


Monomethylhydrazine 


□  Hydrazine  fuel  vapor  toxicity  can  increase 
testing/operations  costs: 

■  System  Handling/Fueling  by  certified  crews 
in  high  level  PPE 

■  Monitoring  system  in  field 

□  Vapor  toxicity  can  limit  transportation  options 


Ionic  Liqui 


fuels  can  eliminate  vapor  toxicity  and 
possess  acceptable  safety  properties 
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Use  of  hydrazine  is  getting  more  stringent 


□  As  of  today,  most  of  our  in-space  propulsion  systems  are  powered  by  the 
MMH  and  NTO  bi-propellant  system,  known  to  be  hypergolic  and  severely 
toxic. 

□  In  the  frame  of  REACH  (Registration,  Evaluation,  Authorization  and 
Restriction  of  Chemicals),  the  European  Union  is  enforcing  the  utilization  of 
hazardous  chemicals. 

□  In  the  mid-  to  long-term,  the  commercial  use  of  MMH/NTO  or  its  derivatives 
such  as  hydrazine  may  thus  be  strongly  limited  or  even  prohibited. 

□  As  of  June  2011  hydrazine  has  been  added  to  the  list  of  SVHC  (Substance  of 
Very  High  Concerns) 

□  The  listing  controls  its  use  for  corrosion  inhibition,  plating  on  plastics,  and  as 
a  rocket  fuel. 
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Use  of  Borohydride  Based  Salts 
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AI(BHJ4-  -  PROMOTES  UQUIDUS 


A  viscous  oil  crystallizing  very  slowly,  from  which  neither  H2,  B2H6,  nor  AI(BH4)3 

could  be  removed  even  by  pumping  at  60°C. 


Melting  point  depression  of  75  °C. 
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Tetraethylammonium 
tetrakis( tetrahydrobora  to)alumina  te 


C8N1H36AI1B4)  216.60  g/mol,  p  =  0.81  g/cm3 
decomposition  onset  -  150°C 
36.28  g/mol  H  in  ILABH  =  16.7%  or  0.135  g/cm3 
-  99%  more  H  than  LH2/mL 
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Trihexyltetradecylphosphonium 

tetrakis(tetrahydroborato)aluminate 
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k 


Lack  of  heterocyclic  BH4  salts 


■  Published  routes  to  BMIM  BH4  used  IL  halide  in  acetonitrile  or  CH2CI2 

■  This  work  could  not  be  reproduced  and  only  yielded  material  with 
substantial  halide  content 

Best  results  77.5%  [BHJ-  halide  content  22.5% 

M.  Burchner,  A.M.T.  Erie,  H.  Scherer,  I.  Krossing  Chem.  Eur.  J.  2012,  18,  2254. 


■  Developed  new  room  temperature  process  which  yields  pure  materials 
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Anion  Alteration 


■B  and  Al  competing  over  C  and  N 
<h  »B  wants  C  by  13kcal/mol 
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Cyanoborohydride  coordination 
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X-ray  crystal  structure  analyses  as  tool  of 

characterization 
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Surprise! 

tetrakis(tetrahydroborato)aluminates 


BH3CN-  +  AI(BH4)3 

- ►  BH4- +  AI(BH4)2BH3CN 

BH4-  +  AI(BH4)3 

- ►  AI(BH4)4- 
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A  general  path  to 

tetrakis(tetrahydroborato)aluminates? 
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What  happened  to  AI(BH4)2BH3CN? 


BH3CN-  +  AI(BH4)3  — 

- ►  BH4-  +  AI(BH4)2BH3CN 

BH4-  +  AI(BH4)3  — 

- ►  AI(BH4)4- 

AI(BH4)2BH3CN  +  2  bh3cn- 

- ►  AI(BH4)2(BH3CN)32- 

3  BH3CN-  +  2  AI(BH4)3  — 

- ►  AI(BH4)4-  +  AI(BH4)2(BH3CN)32- 
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1 1B  NMR  of  reaction  mixture 
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Maybe  Chemistry  is  more  complicated 
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Reaction  Mixture, 

11 B  NMR,  Proton  Decoupled 


Reaction  Mixture, 
1st  addition  of  CBH 


Reaction  Mixture, 
2nd  addition  CBH 


Reaction  Mixture, 
3rd  addition  CBH 
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Spiking  reaction  mixture  with  CBH 


Single  crystal  X-ray  structure  analysis 
provided  the  answer 


■  A  total  of  four  different  crystal  shapes  were  identified  under  a 


microscope. 

■  Super  thin  plates  are  not  a  preferred  crystal  shape  for  X-ray  analysis. 
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The  real  picture  of  the  crude  reaction 

mixture 


Distribution  A:  Public  Release,  Distribution  unlimited 


Heat  of  reaction  calculations 


-1  O'} 

4  AI(BH4)3  +  4  [NCBHj]’  »  2  [AI(BH4)J‘  +  [AI(NCBH3)3(BH4)2]2-  +  AI(NCBH3)(BH4)2 

[NCBHJ-  +  AI(BH4)3  —  ►  AI(NCBH3)(BH4)2  +  [BHJ" 

AI(BH4)3  +  [NCBHJ-  ~49  ►  [AI(NCBH3)(BH4)3]" 

[AI(NCBH3)(BH4)3]‘  +  [NCBHJ-  ±3  ►  [BHJ  +  [AI(NCBH3)2(BH4)2]' 

2  AI(BH4)3  +  2  [NCBHJ-  ~96  ►  [AI(BH4)4]‘  +  [AI(NCBH3)2(BH4)2]’ 

[AI(NCBH3)2(BH4)2]  +[CNBH3]-  +18  »  [AI(NCBH3)3(BH4)2]2‘ 

*  Gas  phase;  all  values  are  kcal/mol 
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What  Happens  with  a  Large  Excess  of  CBH? 
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What  Happens  with  a  Large  Excess  of  CBH? 


9  Eq 


4.5  Eq 
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Crystal  Structure  Shows  Product 
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The  current  reaction  sequence 


3[NCBH3]-  +  AI(BH4)3 

- ►  [AI(BH4)4]-+  [AI(BH4)2(NCBH3)3]2‘ 

exc  NCBH3‘ 

[AI(BH4)3] 

- ►  [AI(NCBH3)6]3" 

2  [NCBH3]- 

- =^[BH3CNBH3]-*+  [CN]- 

*  Emri,  J  et.  ai,  Polyhedron,  1994,  13,  2353 


Summary  and  Conclusion 

*  The  reactivity  of  aluminum  borohydride  is  not  always  predictable 

*  Demonstrated  dependence  on  the  reaction  partner  and  concentration 

*  It  is  challenging  to  characterize  compound  mixtures 

*  New  species  need  to  be  isolated  and  incorporated  into  IL’s  to 
evaluate  their  reactivity  and  physical  properties 

*  New  synthetic  routes  to  heterocyclic  BH4  salts  open  new  possibilities 
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